The role of natural selection in shaping adaptive trait differentiation in natural populations has long been recognized. Determining its molecular basis, however, remains a challenge. Here, we search for signals of selection in candidate genes for colour and its perception in a passerine bird. Pied flycatcher plumage varies geographically in both its structural and pigment-based properties. Both characteristics appear to be shaped by selection. A single-locus outlier test revealed 2 of 14 loci to show significantly elevated signals of divergence. The first of these, the follistatin gene, is expressed in the developing feather bud and is found in pathways with genes that determine the structure of feathers and may thus be important in generating variation in structural colouration. The second is a gene potentially underlying the ability to detect this variation: SWS1 opsin. These two loci were most differentiated in two Spanish pied flycatcher populations, which are also among the populations that have the highest UV reflectance. The follistatin and SWS1 opsin genes thus provide strong candidates for future investigations on the molecular basis of adaptively significant traits and their co-evolution.
INTRODUCTION
Animal colouration has been suggested to respond rapidly to selection pressure from environmental variation (for example, Endler et al., 2005) . Identifying the molecular mechanisms that underlie colour variation thus serves as a valuable means for broadening our understanding on how selection shapes genetic variation leading to evolutionary change. Recent studies of pigmentation genes in the wild have revealed that pigment gene function is much conserved across vertebrate taxa (for example, Boswell and Takeuchi, 2005) and often influences adaptive colouration in a predictable manner (reviewed by Hubbard et al., 2010) . The prominent colour variation seen in the animal kingdom is primarily produced by variation in the amount and density of pigment granules in the integument (pigment-based colouration) or its structural properties (structural colouration; Andersson and Prager, 2006) .
The pied flycatcher (Ficedula hypoleuca) is a good model for studying the evolutionary significance of both these types of colour variation as the species shows spatial variation in both pigmentary and structurally based plumage characteristics. Unlike for many other avian species (see Mundy, 2005) , a number of hypotheses for the adaptive significance for both pigmentary and structural variation in pied flycatchers have been put forward. The melanin-based component of male breeding plumage has been suggested to primarily be shaped by selection pressure generated by the presence/absence of the congeneric dominant black-and-white collared flycatcher (Ficedula albicollis; (Saetre and Saether, 2010) . In areas where the two species live in sympatry, the vast majority of pied flycatcher males are brown and the characteristic is hypothesized to be used in species recognition. As the distance from the sympatric regions increases, so does the frequency of more darkly coloured pied flycatcher males (see, for example, Lehtonen et al., 2009a) . In allopatric areas, plumage colour of pied flycatcher males has been suggested to be sexually selected, but the evidence for this is mixed (Lehtonen et al., 2009b; Sirkiä and Laaksonen, 2009) , and it is possible that other selective forces also affect the distribution of colour phenotypes.
In addition to variation in melanin-based colouration, pied flycatchers also vary in structurally based plumage characteristics such as the degree to which feathers reflect light at UV (300-400 nm). This plumage characteristic has also been shown to vary geographically (Sirkiä, 2011) and has been suggested to be a quality indicator, which is influenced by sexual selection in this species (Lehtonen et al., 2009a; Sirkiä and Laaksonen, 2009) .
The candidate gene approach has proven a prolific means for detecting genes and gene regions that underlie phenotypic variation in adaptively significant traits (Nachman et al., 2003) . The method makes use of the finding that evolutionary divergence does not necessarily erode similarities in gene function between distant lineages (Fitzpatrick et al., 2005) . The genetic basis of the expression of melanic traits is quite well-known and more than a hundred loci that classify as 'colour genes' , that is, genes that influence pigmentation, have been identified in vertebrates (Bennett and Lamoreux, 2003) . Similarly, the molecular mechanisms that underlie feather morphogenesis (Widelitz et al., 2003) and components of avian vision (Okano et al., 1994) have received considerable attention. Thus, there exists a selection of candidate genes for examining molecular variation in gene regions, which may underlie pigment-based colouration, structural colouration and variation associated with the perception of colour.
We have previously shown that the extent of phenotypic differentiation for melanin-based dorsal plumage colouration (P ST ) greatly exceeds that observed for assumedly neutral genetic variation (F ST ) in populations of pied flycatchers across their breeding range (Lehtonen et al., 2009a) . Assuming that P ST approximates Q ST , this is indicative of the non-neutral evolution of dorsal plumage colouration in pied flycatcher males. As mentioned, structural UV colouration has likewise been found to show signals of adaptive significance in pied flycatchers. UV colouration is a characteristic that appears to be used by females when choosing a mate (Siitari et al., 2002; Lehtonen et al., 2009b) particularly early on in the mating season (Sirkiä and Laaksonen, 2009 ). It is thus feasible that the sensitivity to signals conveyed by melanin-based and/or structural colours is also of adaptive significance and thus shaped by selection in this species.
Here, we examine among-population patterns of genetic diversity and differentiation in single-nucleotide polymorphism (SNP) variation within or near three different categories of candidate genes:
genes associated with melanin-based pigmentation ('pigmentation genes'), genes involved in feather morphogenesis ('structural colour genes') and genes that influence the perception of colour ('vision genes'). We also include genes not known to be associated with any of the above three phenotypes ('other genes'). Further, for the purpose of having a neutral baseline (that is, an estimate of the degree of genetic differentiation in the absence of selection) generated from a larger number of markers in some of the analyses, we include microsatellite data genotyped on the same individuals in an earlier study. Our aim was to examine whether any of the examined genes show signals of non-neutral evolution across the species range, potentially revealing genetic regions that underlie adaptively significant variation in this species.
MATERIALS AND METHODS
A total of 528 pied flycatcher males belonging to 17 distinct nest box sites across the breeding range were caught and sampled during the breeding seasons of 1994-2009 (see Table 1 for population-specific information). The population samples are as in reference Lehtonen et al. (2009a) except that a British population sample was added to the data set (see Figures 1 and 2 for sampling sites). A blood or feather sample was collected from each male and stored at À20 1C or room temperature, respectively, until further use for genetic analyses. The dorsal colour of each male (from all populations except Lingen, Germany) was also recorded and classified according to the Drost scale (Drost, 1936; Glutz von Blotzheim and Bauer, 1993) . The score has seven classes, ranging from 1 (fully black head and back) to 7 (fully brown head and back), and has been routinely used for numerically describing pied flycatcher plumage colour for decades (for example, Lundberg and Alatalo, 1992) . The sample collectors were experienced users of the colour scoring technique. A subset of the birds was nonetheless re-scored from photographs (by PMS) in order to confirm that the colour scoring had been executed in a uniform manner across populations. The microsatellite data were as in reference Lehtonen et al. (2009a) , except for the addition of genotypes for the British population sample that were generated using the same methodology.
Laboratory analyses
Candidate gene identification. The first phase of the laboratory work entailed screening of candidate gene sequences to identify polymorphic sites. Candidate genes were chosen based on literature searches for genes known to be associated with each of the three above-described functional groups (pigmentary or structural colour or vision) in birds or mammals. We additionally screened genes not known to be associated with either the production or perception of colour to provide a comparison (hereafter referred to as 'other' genes). Eight of the genes chosen for SNP screening had previously been characterized in the pied flycatcher (2 pigmentation genes (Buggiotti, 2007) ; 1 vision gene, 5 other Genetic signatures of selection in flycatchers PK Lehtonen et al genes (Primmer et al., 2002) ). For genes not previously characterized, primers were designed in gene regions conserved between chicken (Gallus gallus) and zebra finch (Taeniopygia guttata) using the targeted gene approach (see for example, Primmer et al., 2002 for more details). When no suitably long region that was conserved between the two species could be found, primer design was based on the zebra finch sequence owing to its closer evolutionary affinity with pied flycatchers. We designed 73, 2 and 4 primer pairs aiming to amplify regions from 20 pigmentation genes, 1 structural colour gene and 2 vision genes, respectively. One further primer pair was designed to amplify a gene region belonging to the 'other' category. Primers were designed using the program Primer3 (Rozen and Skaletsky, 1999) . DNA extraction was performed as described previously by Lehtonen et al., (2009a) . PCRs were performed in a total volume of 20 ml using 20-50 ng of DNA template, using AmpliTaq Gold, BioTaq (Bioline, London, UK), or the Qiagen (Hilden, Germany) multiplex buffer. Unincorporated primers and dNTPs were removed from PCR products by exonuclease-1-shrimp alkaline phosphatase treatment. Sequencing was performed using the BigDye terminator (version 3) chemistry (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions, using one of the primers that had been used to amplify the fragment. The primer sequences are listed in Supplementary Appendix 1.
SNP screening in non-model avian species has typically been performed using 6-18 individuals (for example, Primmer et al., 2002) . To minimize the effects of ascertainment bias, the polymorphism discovery panel consisted of individuals from geographically, genetically and phenotypically diverse populations (Rosenblum and Novembre, 2007) . A total of 1-2 individuals from at least five of the populations (5-10 individuals in total) were sequenced in the initial SNP discovery phase. The polymorphism discovery panel always included at least two individuals from each of the three main population subgroups (northern, central and southern; Lehtonen et al., 2009a) . Additionally, each polymorphism discovery panel always contained at least two birds of each of the extreme colour phenotypes (Drost class-2 and 7). Owing to limitations on the quantity of DNA available, the same 5-10 individuals were not used for screening polymorphisms from each gene.
The criterion for SNP validation was that polymorphisms were either detectable in both the forward and reverse sequence, or, in cases when sequencing had only been successful in one direction, that the polymorphism was observed in more than one individual (Primmer et al., 2002) . Sequence alignment was performed using BioEdit (Hall, 1999) and SNP identification was performed by eye. For population genetic and outlier locus analyses, only loci with a rare allele frequency of 0.05 or higher were included in the data set.
Additionally, we selected SNP loci from 1 pigmentation gene (the melanocortin-1 receptor; MC1R), 1 feather morphogenesis gene (follistatin, FST) and 7 'other' genes (aconitase-1, ACO1; prolactin receptor, PRLR; histidine triad nucleotide-binding protein, HINT1; RAR-related receptor-b, RORB; neurotrophic kinase receptor-2, NTRK2; aldolase-B, ALDOB; very low-density lipoprotein receptor, VLDR2; Buggiotti, 2007) to be included in the panel of SNP markers for large-scale screening. Data from these sequences were not, however, included in the nucleotide diversity calculations described below as the SNPs in these genes had been identified based on sequence data from just two pied flycatcher individuals.
Nucleotide diversity was calculated by using the sequence data generated with the polymorphism discovery panels. The formula used for the calculations was as follows:
, where K is the number of polymorphic sites, L is the length of the sequence in basepairs, and n is the number of chromosomes screened.
SNP genotyping. The second phase of the laboratory work was genotyping of all the individuals at the polymorphic sites that had been identified. SNP genotyping was performed by using the iPlex Gold assay on the MassARRAY platform (Sequenom, San Diego, CA, USA) according to the manufacturer's instructions. For populations in which initial DNA quantities were insufficient for the procedure (see Table 1 for specific populations), a whole-genome amplification was performed prior to SNP analysis using the GenomiPhi V2 DNA amplification kit following the manufacturer's instructions (GE Healthcare, Waukesha, WI, USA). SNP genotyping of whole-genome-amplified samples on the MassARRAY platform has been shown to result in accurate genotyping for the vast majority of samples, but some samples tend to be prone to allelic dropout (Schoenborn et al., 2007) . To examine the influence of the procedure on our data, the genotypes of whole-genome-amplified individuals were compared with the sequence information of these individuals prior to whole-genome amplification where available. No discrepancies between the two were detected. Genotypes were determined by using the Typer 4.0 (Sequenom, San Diego, CA, USA) software and exported to a spreadsheet program for further analyses.
Data analyses. The program PHASE (Stephens and Donnelly, 2003) was used to generate haplotypes for gene segments where more than one SNP had been genotyped (ALASY, ALDOB, MITF, Rhodopsin, Tropomyosin). The program was set to use the default values for the number of iterations (100), thinning interval (1) and burn-in (100). The minimum acceptable probability threshold was set at 0.60. Loci for which the accuracy of the constructed haplotype was estimated to be below this value were regarded as missing data in downstream analyses.
Allele frequencies and observed and expected heterozygosities were calculated for each sample and every locus using the MICROSATELLITE TOOLKIT Excel add-in and FSTAT 2.9.3 (Goudet, 1995) .
The program GENEPOP 3.4 (Raymond and Rousset, 1995) was used to test for deviations from Hardy-Weinberg and genotypic linkage equilibria. A sequential Bonferroni-type method was used to correct for multiple testing. The GENEPOP 3.4 program was further used for calculating a global F ST value and pairwise F ST estimates for each population pair. Fisher's exact test as implemented in GENEPOP 3.4 was used to test for differences in allelic frequency distributions between all sample pairs for every locus (total number of different population pair comparisons¼136). Unbiased estimates were obtained with 5000 iterations. Probability values over all loci were obtained by the Fisher method as implemented in the program.
To examine whether any of the loci had been affected by divergent selection, we used a single-locus outlier test based on among-population comparisons of genetic diversity and differentiation. One of the main challenges associated with these among-population outlier tests is obtaining the F ST distribution that is expected in the absence of selection (Excoffier et al., 2009) . Population structure is known to influence the null distribution and this information should be incorporated into the analyses when available. To address this issue, we chose to use an outlier test, which does not assume uniform distribution of F ST among populations across the sampled range. The method used is an extension to the FDIST approach of (Beaumont and Nichols, 1996) described by Excoffier et al., (2009) , and embedded into the ARLEQUIN v. 3.5 analysis package (Excoffier and Lischer, 2010) . The population samples were grouped based on population genetic structuring observed using assumedly neutral microsatellite loci in these pied flycatcher population samples (as in reference Lehtonen et al., 2009a ; see Supplementary Appendix 2 for details concerning the British sample). The subgroups were as follows: 1: two Spanish populations; 2: Swiss population; 3: British population; and 4: all other populations. The expected F ST distributions were obtained by performing 20 000 simulations, with four groups containing 50 demes. As contemporary outlier tests have been suggested to be relatively prone to type-I errors in the context of balancing selection (Excoffier et al., 2009) , we only focused on loci indicated to be affected by divergent selection. To examine the effect of an increased number of sampling sites across the genome on our results, the above-described analysis was also executed with the microsatellite loci incorporated into the data.
As application of multiple outlier tests has been suggested to reduce the number of false positives (for example, Vasemagi and Primmer, 2005) , we also analysed the data set using the BAYESFST (Beaumont and Balding, 2004) analysis package. Here F ST is modelled within the Bayesian framework and outliers are nominated based on locus-effect parameters, assumed to be 0 in neutrally evolving loci.
To examine the association between dorsal plumage colour and genotype on an individual level, all pied flycatcher males were assigned to one of three genotypic classes for each locus (homozygous for the common allele, homozygous for the rarer allele or heterozygous) or classified according to haplotype (1-4 for ALASY, ALDOB, MITF and Tropomyosin; 1-5 for Rhodopsin). The statistical association between genotype and dorsal plumage colour was examined using a Kruskal-Wallis non-parametric test. Because of the potential confounding effect of population structure on genotype-phenotype associations, only the genetically undifferentiated northern and eastern populations (see Lehtonen et al., 2009a) were included in this analysis.
A Mantel test of matrix correspondence (Mantel, 1967) was used to examine the association between patterns of genetic differentiation at neutrally evolving loci (microsatellites; data as in reference Lehtonen et al., (2009a) with the British sample added) and patterns of genetic differentiation at the SNP loci. The relationship between genetic differentiation at SNP loci and geographic distance (km) was also examined using the same methodology. The analyses were executed using GenAIEx v 6 (Peakall and Smouse, 2006) .
In pied flycatchers, females (the heterogametic sex) are the more extensively dispersing of the sexes (Lundberg and Alatalo, 1992) and it is thus likely that the migration rate of genes on the Z-chromosome is lower than that of genes on the autosomes. In theory, this could inflate inter-population F ST values at Z-linked loci as compared with those observed at autosomal loci even in the absence of selection. To examine the effect of variable migration rates between the two types of chromosomes on the confidence intervals defined for neutrally evolving loci, we used the program FDIST (Beaumont and Nichols, 1996) to perform simulations assuming varying levels of migration for the sex-linked loci. First, we calculated the number of effective migrants per generation (N e m) for the autosomes by using the formula F ST ¼1/(4N e m+1) (Wright, 1969) . This value was then used to calculate variable F ST values for the sex-linked loci assuming differing proportions of sex-linked migration (that is, autosomal N e m * 0.1, autosomal N e m * 0.2,y. autosomal N e m * 0.9). These F ST values were then used to simulate the confidence intervals that would be expected under neutrality for sex-linked loci under various sex chromosome-to-autosome migratory ratios.
RESULTS
A total of 1-2 individuals from at least five of the populations (5-10 individuals in total) were sequenced in the initial SNP search phase, amounting to a total of 7665 bp (previously unpublished sequences have been submitted at GenBank under accession numbers HQ659742-HQ659752 and JF305975-JF306023). We identified 34 polymorphic sites. This represents a mean frequency of one SNP per 225 bp of sequence. The mean y-value was 1.8Â10 À3 (locus range 0 to 8.8Â10 À3 ), which is somewhat less than that previously reported for pied flycatchers (2.3Â10 À3 ; Primmer et al., 2002) .
Loci with a minor allele frequency of o5% were excluded from the final data set. The final data set had 20 bi-allelic SNP markers from 14 different gene regions (Table 2 ). Six of the SNPs were identified in five different genes that are candidates for melanin-based pigmentation (MC1R, MITF, MyoVA, Pallidin and TYRP1; Table 2 ). One SNP was in a feather morphogenesis-associated gene (follistatin; Table 2 ) and four SNPs in the vision-related genes (Rhodopsin, SWS1 opsin; Table 2 ). Five of the 14 gene regions (1 pigmentation gene, 1 vision gene and 2 other genes) were found to have more than one SNP (two SNPs/gene region except for Rhodopsin, in which three SNP sites were identified). The major allele frequency of each SNP is listed in Table 2 . The allele frequencies of each of the haplotypes are listed in Supplementary Appendix 3.
None of the populations or loci showed consistent deviations from Hardy-Weinberg expectations. No deviations from linkage disequilibrium were found in any pair of loci in any population. The markerspecific heterozygosities across all populations ranged from 0.09 (Pallidin) to 0.59 (Rhodopsin haplotype; Table 2 ). Similar to the low-density lipoprotein (LDL) receptor (Takahashi et al., 1992) Abbreviations: A, autosomal gene; Abbr., abbreviation used in text; E, the SNP locus is in an exon of the gene; FM, feather morphogenesis-associated gene; H e , expected heterozygosity; I, the SNP locus is in an intron in or near the gene; MAF, minor allele frequency; n SNP , number of SNPs in the gene region used in the study; Z, sex-linked gene. The haplotype frequencies of loci with more than one SNP are listed in Supplementary Appendix 3.
Tests for pairwise population differentiation across all loci indicated that 84/136 (61.8%) of the population pairs were significantly differentiated at their SNP allele frequencies. The majority of these comparisons (66/84; 78.5%) were pairwise comparisons, including one of the two Spanish populations, the Swiss population or the British population sample. The global F ST value across all loci and populations was 0.04. Pairwise population F ST values across loci ranged from 0 (many population pairs; Supplementary Appendix 2) to 0.14 (Valsain, Spain-Dartmoor, UK; Supplementary Appendix 2). Overall, the pattern of genetic differentiation based on allelic variation at SNP loci resembled that previously reported for these pied flycatcher populations using microsatellite markers (Lehtonen et al., 2009a) . In the pairwise comparisons, the populations that showed the most pronounced differentiation (the Swiss, British and two Spanish populations) at their microsatellite allele frequencies were also most differentiated (as quantified by F ST ) at the SNP loci examined (Supplementary Appendix 2) . Furthermore, two of the three central European populations (the Dutch and German populations) generally showed 10-fold greater differentiation from each of the northern populations than any north-north pairs did from each other (Supplementary Appendix 2). This was also in line with previous findings using microsatellites. Accordingly, the Mantel test of matrix correspondence revealed a significant association between the pairwise F ST values previously reported for these pied flycatcher populations (Lehtonen et al., 2009a) and the pairwise F ST values for the SNP markers (SP XY ¼0.054, R XY ¼0.82, P¼0.001; where R XY gives the correlation between the two matrices; Figure 3 ). Genetic differentiation at SNP loci was not found to be associated with geographic distance when measured over all loci (SP XY ¼À975.7, R XY ¼À0.19, P¼0.10). Kruskal-Wallis test used to test for an association between individual SNP genotypes or haplotypes, and phenotype did not reveal any of the loci to be associated with dorsal plumage colour (PX0.2).
Locus-specific F ST values ranged between 0.006 (MITF haplotype) and 0.146 (follistatin; Table 2 ). Both outlier tests identified follistatin to show significantly higher F ST values than would be expected for neutrally evolving loci (Figure 4 and Supplementary Figure 1) . The SWS1 opsin gene was identified as an outlier in the analysis using the hierarchical island model, but not when using the BAYESFST method (Figure 4 and Supplementary Figure 1) . Addition of the microsatellite loci to the analyses reduced the width of the confidence intervals defining neutrally evolving loci, and resulted in both SWS1 opsin and follistatin being outliers in both of the tests (Supplementary Figures 2  and 3) . None of the microsatellites were identified as outliers by both tests however. The allele frequency differences for both SWS1 opsin and follistatin were most pronounced between the Spanish populations and the other populations (Figures 1 and 2) . Excluding the population samples for which the DNA had been whole-genomeamplified did not change the results (data not shown).
Two loci were found to significantly deviate from the expectation of no selection (SWS1-opsin and follistatin; see below for more extensive detail on the results of the outlier tests). The effect of the SWS1-opsin on spectral sensitivity in birds is well established (Ö deen et al., 2009) and it is thus reasonable to hypothesize that this gene may influence the perception of light in pied flycatchers. The effect of the latter on phenotype is not, however, as straightforward. Follistatin has been shown to be expressed in the feather bud (Patel et al., 1999) , but the way in which this might impact feather structure has not been explored. We thus used the Ingenuity Pathway Analysis program (vs 9.0) to examine whether follistatin has been shown to interact with genes that are known to link with feather structure and have been found to be expressed in the feather bud during its development in pied flycatchers (Annexin-A2, Collagen-a-1(III) chain, Collagen-a-2(I) chain, Cytokeratin-14, Desmoplakin, Epidermal fatty acid-binding protein; (Lehtonen, 2010) ). More specifically, we examined whether any of these genes are downstream from follistatin in genetic pathways. In short, the Ingenuity Pathway Analysis program uses information on gene-gene interactions, known from other experiments, to construct a gene network(s) around the gene of interest. We specifically used the program to examine whether any of the above-listed genes that have been detected in developing pied flycatcher feathers are downstream from follistatin in genetic pathways.
The Ingenuity Pathway Analysis pathway analysis exploring the link between follistatin and proteins identified in developing feathers of pied flycatchers revealed 15 different pathways through which follistatin may be connected with the expression of 'feather structure' genes. In all cases, the connection was formed through one intermediary molecule. Seven of the pathways linked follistatin with Collagen-a-1(III); 6 with Collagen-a-2(I); 1 with Desmoplakin; and 1 with the Fatty acid-binding protein. A closer examination of these pathways revealed 2 of the 14 connections could bear relevance in the context of feather generation. The first of these is a pathway that connects follistatin with the localization of the tumor necrosis factor-a protein (Jones et al., 2007) , which in turn decreases the activation of Collagen-a-2(I) in human dermal fibroblasts (Yamane et al., 2003) . The second putatively relevant pathway was one that showed follistatin Figure 3 The relationship between pairwise F ST values for SNP markers and microsatellites with the same population pairs (see Lehtonen et al., 2009a) . The simulations under differing migratory scenarios revealed that the migration rate of sex chromosomes would have to be less than 20% of that observed for the autosomal loci for the Z-linked outlier (follistatin) to fall within the limits defined for neutrally evolving loci ( Figure 5 ). This indicates that the observation that follistatin is an outlier, is not a false positive produced by the chromosomal location of the SNP.
DISCUSSION
We examined whether there are any signals for selection across the pied flycatcher breeding range in genomic regions near or at candidate genes for melanin-based or structural colouration, or in genes coding for vision. While none of the candidate genes for melanin pigmentation showed signals of selection, we found signals consistent with divergent selection in the follistatin and the SWS1 opsin genes, the former a candidate gene for variation in sexually selected structural UV colouration and the latter in the perception of this trait. This is interesting because it matches the prediction that the conspicuousness of a signal used in intra-specific communication will depend on the extent to which it matches the detection ability of the intended recipient (Boughman, 2002) .
The follistatin gene has been demonstrated to be expressed in the feather bud (Patel et al., 1999) , where it antagonizes bone morphogenetic factors (bone morphogenetic proteins; Ohyama et al., 2001) . Different subtypes of bone morphogenetic proteins in turn are known to have a particularly prominent role in the process of feather development and re-generation (Noramly and Morgan, 1998) . In this study, we further explored how follistatin is situated in genetic pathways containing 'feather structure' genes, which have previously been detected in developing pied flycatcher feathers (Lehtonen, 2010) . The link between follistatin and structural collagens was the one that featured most prominently in the results (13/15 pathways). Two of these pathways had been detected in cells, which can be hypothesized to be significant for feather structure (keratinocytes and dermal cells). Although the findings are based on research conducted on humans and rodents, they nonetheless provide starting points for further enquiries into the mechanisms through which follistatin might influence feather structure during feather development.
Feathers are constantly exposed to variable stressors such as bacteria and mechanical wear, and it is plausible that different environments exert different selection pressures on the properties of the feather. Preliminary results on the structure-performance relationship of flight feathers of chiffchaffs (Phylloscopus collybita) and willow warblers (Phylloscopus trochilus) are suggestive of feather shaft diameter being associated with resistance to damage (Weber et al., 2005) . Feather wear is likely to affect the reflective properties of the plumage and could thus function to signal individual quality. It is of interest, that allelic differentiation for the follistatin gene was most pronounced in the Spanish pied flycatcher populations, which have also been found to be among the most highly UV-reflectant populations of those investigated here (Sirkiä, 2011) .
The SWS1 opsin gene underlies the ability to detect light at UV wavelengths in many bird species (Odeen et al., 2009) . Studies examining the significance of UV reflectance in avian communication have commonly measured inter-individual variation in plumage reflectance in relation to, for example, mate choice (pied flycatchers: Lehtonen et al., 2009a; Sirkiä and Laaksonen, 2009 ; other avian species: (Bennett et al., 1997; Hunt et al., 1999) . Evidently, the effectiveness of the signal in mate choice is dependent on the ability of members of the species to perceive the signal (for example, Cuthill et al., 2000) , and thus it is conceivable that both the signal and the receptor are affected by selection. The structural colouration of pied flycatcher males could impact mate choice strategy if it reveals the genetic quality ('good genes') of the mate (see for example, Lehtonen et al., 2009b) . Inter-individual variation in the ability to detect light at UV wavelengths would translate to inter-individual variation in the ability to choose a high-quality mate. As for the follistatin gene discussed above, the allele frequency differences were most pronounced in the Spanish pied flycatchers, which have relatively high UV reflectance (Sirkiä, 2011) .
The sensory drive hypothesis assumes that the environment shapes the sensory system (for example, to maximize the ability to find food), creating a bias that may lead to male traits evolving in the direction that maximally stimulates it. This may either stem from both trait and sensor being shaped by the same environment, or because they are in fact co-evolving (Boughman, 2002) . Specific light environments of different habitats likely shape the signals used in communication and signal design has indeed been found to be associated with detectability (Leal and Fleishman, 2004) . It is thus feasible that different environments exert selection pressure not only on genes that underlie the phenotypic characteristic itself (the signal), but also on genes that underlie the ability to observe the trait (the ability to perceive the signal). Although we are unable to ascertain whether UV reflectance and the ability to perceive this trait are co-evolving, it is intriguing that allele frequency variation was most pronounced in the Spanish population for both of these genes. The Spanish populations live at a higher altitude and further south than the other populations included in this study. UV radiation increases with altitude and towards the equator (World Health Organisation; www.who.int/mediacentre/factsheets/who271/en). The higher levels of UV reflectance in these areas could augment the utility of this signal trait in the Spanish populations. Alternatively (or additionally) high UV radiation may lead to an increased need for the birds to protect both the plumage itself and their body from the harmful effects of UV rays, resulting in selection for particular feather characteristics. In the aquatic realm, where variation in photic environments is more pronounced than in terrestrial ones, light conditions have been found to be associated with genetic variation at vision-related genes and peak sensitivities in receptors to co-vary with trait characteristics (for example, Seehausen et al., 2008) . Whether variation in photic conditions, and UV radiation in particular, could be a selective force resulting in divergent selection in pied flycatchers, however, remains to be investigated. An examination of several other bird species has demonstrated that cone type and plumage UV maxima (that is, reflection and perception) tend to be associated (Mullen and Pohland, 2008) . A useful follow-up study to address this issue would be to sequence the parts of the SWS opsin genes, which confer spectral sensitivity (for example, Ö deen et al., 2009), to examine whether the different populations have different mutations at these sites. Currently, such studies have only been conducted at the interspecific level. Additionally, the manner in which feather structure is altered by high levels of UV radiation in the different populations could be examined in order to assess whether the feathers differ in their ability to deal with radiationinduced stress.
In addition to differences in environmental conditions, the central Spanish mountain populations also represent a clearly separate 'island' in the pied flycatcher breeding distribution (see Figures 1  and 2 ) and are more differentiated at assumedly neutral loci from populations in the continuous part of the breeding range (for example, Lehtonen et al., 2009a ; the present study). This is hypothesized to be due to historical/post-glacial reasons (Lehtonen et al., 2009a) . Pied flycatchers that originate from the more northern and eastern breeding populations fly through this area during their spring migration, but rarely (if ever) stop to breed there (JM personal observation). Additionally, of the pied flycatcher populations from which recruitment and return rates are known, the Spanish populations are among the most philopatric (Lehtonen et al., 2009a) . Thus it appears that there is reduced gene flow to and from these populations. A reduction in gene flow could in turn aid in providing the circumstances required for local adaptations to evolve if, for example, different photic conditions lead to divergent selection towards alternative trait optima.
Although outlier loci provide good starting points when aiming to detect the molecular basis of adaptively significant traits, it is important to also consider potential caveats. It would be valuable to examine the chromosomal regions surrounding the follistatin and SWS1 opsin genes to ascertain the length of the region that has potentially been affected by selection. Before this is done it is not possible to definitively state whether the signals of selection detected here stem from the selection on follistatin and SWS1 opsin, or are in fact from the SNPs being linked to other genes of different function, which have been targets of selection. Also, as the follistatin gene resides on the sex chromosome (Z), which has a smaller effective population size than autosomes, it is more prone to drift. This in turn could result in elevated genetic divergence even in the absence of selection (Borge et al., 2005) . On the other hand, sexual selection is thought to be stronger in males than in females and Z-chromosomes spend more time in males (2/3) than females (1/3). Consequently, the chromosomal location of this gene could in fact result in it being exposed to stronger selection pressure than autosomal genes. In any case, our simulations verified that the result is unlikely to stem from differential levels of gene flow between the sex chromosomes and autosomes. It is also noteworthy that elevated levels of genetic differentiation were only observed in one of the four sex-linked loci included in the study.
Another factor that may have affected the outlier test is the fact that our SNP loci were selected from genes, which are a priori expected to influence phenotype. It could be argued that they may all be affected by selection to differing degrees. If this were so, the baseline level of genetic divergence would not reflect neutrality, and could result in some loci, which are affected by selection not being detected, that is, false negatives. We do not have the means to definitively ascertain whether or not this is the case here. However, the inclusion of the selectively neutral microsatellites narrowed the confidence limits set for neutrality, but did not result in the detection of additional outliers. When combining data generated using these two types of markers it is important to recognize that the mutational properties of microsatellites and SNPs differ, and they are thus not ideally suited for such comparisons. In the context of our study, the potential pitfall would be realized in the form of false positives. This was not, however, found to be the case. Furthermore, an examination of the F ST values for individual SNP loci revealed that the distribution of these values was not continuous, and therefore the allelic distribution at the two outlier loci clearly differed from the others. This also speaks for the fact that the threshold set for neutrality in this test was not an arbitrary cut-off point.
In conclusion, follistatin and SWS1 opsin were found to show molecular signatures of divergent selection across the pied flycatcher breeding range. These two genes are thus strong candidates for further investigation of genes underlying adaptively significant traits in this species. Although molecular data and outlier analyses serve as evidence for selection, they do not provide information concerning the mechanisms of selection or its strength, at least when there is no additional data on the phenotypes or the association between genotype and phenotype. Further validation analyses could include sequence-based neutrality tests (for example, Wood et al., 2008) and/or functional analyses of the different alleles in order to determine whether there is an association with feather morphology and/or sensitivity to reflectance at UV wavelengths (for example, Sabeti et al., 2006) .
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